The cytotoxic effect of microcin E492, a low-molecular-mass channel-forming bacteriocin (7,887 Da) produced by a strain of Klebsiella pneumoniae, was characterized in HeLa cells. At low (5 g͞ml) and intermediate (10 g͞ml) concentrations, microcin E492 induced biochemical and morphological changes typical of apoptosis, such as cell shrinkage, DNA fragmentation, extracellular exposure of phosphatidylserine, caspase activation, and loss of mitochondrial membrane potential. Treatment with zVAD-fmk, a general caspase inhibitor, completely blocked the cytotoxic effect of this bacteriocin. At higher microcin concentrations (>20 g͞ml) a necrotic phenotype was observed. Induction of apoptosis by microcin E492 was associated with the release of calcium from intracellular stores, probably after microcin-triggered ion channel formation. Microcin E492 also presented a cytotoxic effect on Jurkat and RJ2.25 cells, but had no effect on KG-1 cells nor on a primary culture of human tonsil endothelial cells, suggesting that there is a specific interaction of the bacteriocin with components of the target cell surface. This report describes a bacteriocin that has the capacity to induce apoptosis in human cell lines.
B
acteriocins are antimicrobial proteins produced by bacteria that are active against closely related species. They are produced by almost all major lineages of Eubacteria and in Archaebacteria (1) and secreted to the extracellular medium where they recognize specific receptors on the surface of sensitive bacterial cells (2) . It has been proposed that the primary role of bacteriocins is to mediate population dynamics within closely related species (1) . Bacteriocins can induce toxicity by a variety of mechanisms, most notably the formation of membrane pores. These compounds have received increasing attention for their potential use as preservatives in the food industry and as antibiotics for clinical usage (3) (4) (5) (6) .
Bacteria also produce other toxic proteins, released by pathogens into the host's body, that are important virulence factors causing disease symptoms (tetanus, diphtheria, cholera, etc.). These toxic agents are commonly called bacterial toxins and may attack a variety of different cell types (cytotoxins) or specific cell types (neurotoxins, hemolysins, etc). Among these bacterial toxins some can also form membrane pores and kill eukaryotic cells by disrupting the membrane permeability barrier. Lately, increasing interest has developed in the study of some toxins for their potential therapeutic use as antitumoral drugs. Thus, cytotoxic studies of toxins such as verotoxin 1 (7) and a derivative of a Pseudomonas exotoxin (8) have demonstrated that these toxins display antitumor activity in vitro and in vivo in ovarian and breast cancer, respectively. Another aspect that has aroused considerable interest is the role of toxin-producing pathogens in promoting apoptosis (9) . In contrast to necrosis, apoptosis eliminates cells without inducing an inflammatory response, i.e., in an immunologically silent manner subverting the normal host defense responses. Among the pore-forming toxins that induce apoptosis is ␣-toxin, the major cytolysin from Staphylococcus aureus (10) , aerolysin, produced by Aeromonas hydrophyla (11) , and the porin PorB from Neisseria gonorrhoeae (12) .
Apoptosis is a genetically determined form of cell death that plays a central role during development and homeostasis of multicellular organisms (13, 14) . Necrotic cell death is usually the consequence of physical injury and does not involve the active participation of the cell. Apoptosis can be distinguished from necrosis on the basis of several morphological as well as biochemical parameters, such as nuclear condensation, loss of cell volume (shrinkage), DNA fragmentation (14) , and phosphatidylserine exposure to the outer face of plasma membrane (15) . This kind of cell death avoids spillage of intracellular contents in contrast to necrotic cell death, typified by cell and organelle swelling and membrane disruption, resulting in an inflammatory response (15) . The central executioners of apoptosis are a set of cysteine proteases that are part of a large protein family known as caspases (16) .
Some bacterial toxins share common features with bacteriocins, such as insertion into or transport across the plasma membrane, recognition of the target cell's membrane, pore formation, etc. The known action of bacterial toxins and bacteriocins has been restricted to eukaryotic cells and bacteria, respectively, probably because of specific interactions between the receptor and the toxin. The only bacteriocin reported to be lytic for eukaryotic as well as prokaryotic cells is a cytolysin from Enterococcus faecalis (17) . Although it is known that this toxin induces cell lysis, no evidence has been presented as to whether cytotoxicity is caused by apoptosis or necrosis.
The aim of this work was to study the ability of microcin E492 to induce apoptosis. Microcin E492 is a low-molecular-mass (7,887 Da) channel-forming bacteriocin (18, 19) produced by Klebsiella pneumoniae RYC492, which has a rather broad target range, being active on strains of the family Enterobacteriaceae (20) . The genetic determinants involved in the production of active microcin and its immunity protein have been cloned and expressed in Escherichia coli (21) and comprise a 13-kb DNA fragment encoding for at least 10 genes, necessary for the synthesis and export of active microcin (22) . Analysis of the amino acid sequence of microcin E492 indicates that this bacteriocin does not share structural motif with any other known protein, and thus, it seems that this microcin belongs to a novel class of pore-forming bacteriocins not related to colicin-like channel-forming bacteriocin from Gram-negative bacteria or to channel-forming bacteriocins from Gram-positive bacteria (19) . Results presented in this article show that in certain human cell lines microcin E492 promotes morphological and biochemical changes typical of apoptosis.
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Materials and Methods
Isolation, Purification, and Fluorescent Labeling of Microcin E492.
Microcin E492 was extracted and purified (20) from the supernatant cultures of E. coli VCS257pJEM15. Microcin activity was estimated and expressed in arbitrary antibiotic units (AU) (23) . Normally, 10 g of microcin E492 corresponded to 500 AU. Labeling of microcin with fluorescamine and PAGE were carried out as described (21) .
Cell Lines. The following human cell lines (American Type Culture Collection) were used: HeLa, an epithelial cell line derived from human cervix carcinoma; KG-1, a monocytemacrophage cell line; RJ2.25, a variant of the Raji B-LCL (24); Jurkat, a T cell derived from acute T cell leukemia, and Ramos, a B cell line originated from Burkitt's lymphoma. The human endothelial cells from human tonsils (AMG-3) were isolated as described (25) . Ramos, Jurkat, RJ2.2.5, KG-1, and AMG-3 cells were maintained in RPMI 1640 medium supplemented with 10% FCS and antibiotics. HeLa cell line were maintained in DMEM with 10% FCS and antibiotics.
Cytotoxicity and Apoptosis Assays. Cells were seeded at 2 ϫ 10 4 cells͞well in 96-well plates 24 h before microcin E492 addition, further incubated for the indicated time with microcin E492, trypsinized and washed, suspended in PBS, stained with 1 g͞ml propidium iodide (PI), and analyzed by using a FACScan (Becton Dickinson) with CELL QUEST software. The loss of mitochondrial membrane potential was assessed by using 3,3Ј-dihexyloxacarbocyanine [DiOC 6 (3)] (Molecular Probes) as described (26) . Exposure of phosphatidylserine to the outer leaflet of the plasma membrane was determined by flow cytometry with annexin V coupled to FITC (Annexin-V-FLUOS staining kit, Roche Molecular Biochemicals) as described (27) . Lactate dehydrogenase (LDH) activity was assessed by using the LDH kit from Sigma following the manufacturer's instructions. In situ detection of fragmented DNA was carried out by terminal deoxynucleotidyltransferase-mediated dUTP nick end labeling assay using the Apoptosis Detection System, fluorescein (Promega) following the manufacturer's instructions, and visualized with a Zeiss confocal microscope.
Determination of Intracellular Calcium Levels and Inmunofluorescence Assay. Intracellular Ca 2ϩ levels were determined as described (27, 28) , using Fluo-3AM (Molecular Probes) and measuring the fluorescence by confocal microscopy (excitation 488͞emission 505 nm). Human lymphocyte function-associated antigen 1 (LFA-1) (CD11a) was detected at the cell surface by using the mAb TS1͞22.1.1 (29) . Subconfluent cultures were analyzed by indirect immunofluorescence assays as described (30) . Cells were incubated for 24 h in the absence (untreated control) or presence of 680 AU/ml of microcin E492. The percentages of cell survival were determined in respect to the untreated control and are the averages of three independent measurements. Cells were stained with PI, and cell death was determined by flow cytometry analysis.
centrifuged for 15 min at 11,500 g. Fifty micromolars of the colorimetric caspase-3 substrate Ac-DEVD-pNA or caspase-1 substrate Ac-YVAD-pNA was added (Calbiochem) and incubated for 1 h at 37°C, and absorbance was measured in an ELISA reader at 405 nm. For detection of cytochrome c release, HeLa cells treated with microcin E492 were resuspended in 10 mM Hepes (pH 7.5), 1 mM EGTA, 70 mM sucrose, 20 mM manitol, and protease inhibitors (PMSF, antipain, benzamidine), homogenized, and centrifuged at 1,000 rpm for 1 min, and the supernatant was centrifuged at 10,000 g for 1 h. The pellet was resuspended in Laemmli buffer, and soluble proteins were precipitated with methanol-chloroform and resuspended in Laemmli buffer, and the presence of cytochrome c was probed by blotting and Western blot with a mAb (Zyned, 33-8500). Bound antibody was detected by using SuperSignal West Pico chemiluminescent substrate (Pierce).
Results and Discussion
The Cytotoxic Effect of Microcin E492 Is Specific for Particular Human Cell Lines. Cytotoxicity of microcin E492 was assessed on several human cell lines with different morphologies and physiology: HeLa, Jurkat, RJ2.2.5, KG-1, Ramos, and the primary culture AMG-3. Table 1 shows cell viability after incubation for 24 h in a medium containing 680 AU͞ml (Ϸ14 g͞ml) microcin E492. KG-1 and AMG-3 were insensitive to microcin E492. Ramos presented a slight sensitivity to this bacteriocin, whereas HeLa, RJ2.2.5, and Jurkat cell lines were sensitive, at different degrees, to the microcin E492 toxic effect.
Microcin E492 has no hemolytic activity on blood agar and did not present any evident toxic effect after i.p. injection into mice. Hence, the cytotoxic effect observed seems to be restricted to particular cell lines.
Pore-forming bacterial toxins, such as hemolysins and leukotoxins, exert their lethal effect by binding to a cell-surface receptor identified as LFA-1, a member of the integrin family (31) . To determine whether the cytotoxic specificity of microcin E492 correlates with the expression of LFA-1, the expression of this antigen at the cell surface of the six cell types used in this work was studied by indirect immunofluorescence. The primary culture AMG-3, Ramos, and HeLa cell lines did not present LFA-1 at the cell surface, whereas KG-1, RJ2.2.5, and Jurkat cell lines expressed high cell surface levels of LFA-1. The lack of correlation between toxicity and expression of LFA-1 discards this protein as the microcin E492 receptor. Although the cytotoxicity of microcin is specific on particular cell types, suggesting that the restricted host cell specificity can be caused by the binding to an unknown cell-surface receptor, the receptor does not necessarily have to be a protein. For instance, aerolysin interacts with a specific posttranslational modification, a glycosylphosphatidylinositol anchor (32) , and perfringolysin O, a pore-forming cytolysin, recognizes the lipid composition of the cell membrane (33) . Microcin protein sequence was analyzed by using advanced searches for domains or similarities with eukaryotic proteins that may correlate this bacteriocin with a possible receptor. However, no recognizable domain or structural homologies that may connect this bacteriocin as a ligand for an eukaryotic receptor was found. Alternatively, the resistance of some cell lines to microcin could be caused by a differential expression of apoptosis regulatory proteins when exposed to this bacteriocin.
Microcin E492 Induces Apoptosis in HeLa Cells. HeLa cells were chosen to characterize the cytotoxic effect of microcin E492. The PI exclusion method detects dead cells by the loss of membrane integrity. Once PI is inside the cell, it binds to DNA and its fluorescence is proportional to the DNA content. Fig. 1A shows the basal fluorescence of untreated viable cells. After treatment with 256 AU͞ml (Ϸ5 g͞ml) microcin E492 most dead cells showed decreased PI fluorescence (Fig. 1B) when compared with the total DNA content of HeLa cells (Fig. 1F) . This so-called hypodiploid part of the population (M1) would correspond to apoptotic cells with degraded DNA that bind less PI than dead cells with intact DNA. The microcin concentration required for apoptosis induction was similar to that used to induce apoptosis on HeLa cells with the porin PorB (12) . HeLa cells killed with a high dose of microcin E492 (1,024 AU͞ml, Ϸ20 g͞ml) presented mainly an intact DNA content (M2 in Fig. 1C) , indicating a death by necrosis. Treatment of HeLa cells with an intermediate dose of microcin E492 (512 AU͞ml, Ϸ10 g͞ml) produced a mixture of the two populations with different DNA content (data not shown), i.e., death by necrosis and apoptosis. Apoptosis and necrosis were also induced after treatment of HeLa cells with tumor necrosis factor ␣ (TNF-␣) (Fig. 1E) . To discard the possibility that cytotoxicity was induced by a minor contaminant that usually copurifies with microcin E492 and that is detected only with fluorescamine ( Fig. 1D Inset, lane 1) , a cytotoxic assay was carried out by using a preparation starting from a supernatant of E. coli VCS257np108. This mutant does not export microcin E492 to the extracellular space (Fig. 1D Inset, lane 2) (22), but produces the other component that copurifies with microcin E492. This impurity was not detected by other staining methods, because when Coomassie blue or silver staining were used only the protein band corresponding to microcin was observed. Fig. 1D shows that this preparation had no effect on HeLa cell viability, demonstrating that the cytotoxic effect observed is associated with the presence of microcin E492. DNA fragmentation was also determined in situ by terminal deoxynucleotidyltransferase-mediated dUTP nick end labeling analysis (Fig. 1G) . Chromatin condensation and loss of epithelial morphology was also observed (not shown).
Microcin E492 Induces Cell Shrinkage, a Decrease on Mitochondrial Membrane Potential, Cytochrome c Release, and Caspase Activation.
A relationship between cell shrinkage, loss of mitochondrial membrane potential, and release of cytochrome c after treatment with microcin E492 was investigated. Cell volume was assessed by light scattering on a forward-scatter versus sidescatter dot plot, and DiOC 6 (3), a carbocyanine dye that accumulates in active mitochondria, was used to detect changes in the mitochondrial membrane potential. Fig. 2A shows that after treatment with 500 AU͞ml (Ϸ10 g͞ml) of microcin E492 HeLa cells presented a decrease in forward-scattered light and an increase in side-scattered light, indicative of shrunken cells, with a bimodal size distribution, in which 52% of the cells had a decrease in cell volume whereas the nontreated control displayed only 5% of cells with this characteristic. The loss of cell volume correlated very well with a reduction of mitochondrial membrane potential (53% of the cells), detected by a shift to lower fluorescence emission of DiOC 6 (3) when compared with the untreated control (Fig. 2B) . As expected, the cell population that presented a reduction in fluorescence emission corresponded to the shrunken cell population (not shown). The loss of mitochondrial membrane potential was accompanied by cytochrome c release to the cytoplasm, assessed by Western blot analysis (Fig. 2C) .
Association of cytochrome c to procaspase-9 and Apaf-1 is necessary for the apoptosome formation, which in turn activates caspase-3 (16) . Thus, caspases activation such as caspase-1 and caspase-3 after microcin E492 treatment was measured. Fig. 2D shows that activation of these caspases depends on the microcin dose used. Conversely, caspase inhibitors interfered with cell death induced by microcin. Treatment of HeLa cells with 100 M of zVAD-fmk, a general caspase inhibitor, abolished apoptosis induced by 700 AU͞ml (Ϸ14 g͞ml) microcin E492 (Fig.  2E) . Treatment with 100 M Ac-DEVD-cho, a caspase-3 inhibitor, or Ac-YVAD-cho, an inhibitor of ICE proteases like caspase-1, partially counteracted the cytotoxic effect of microcin E492 on HeLa cells (Fig. 2E) . These findings allow us to conclude that apoptosis induction by microcin E492 is associated with activation of caspases.
A possible mechanism for apoptosis induction by microcin E492 could be through pore formation in mitochondria, such as the case described for the porin PorB (34) . Here, it is postulated that this porin, like the mitochondrial voltage-dependent anion channel, functions at the mitochondrial checkpoint to mediate apoptosis. The decrease in mitochondrial membrane potential and cytochrome c release induced by microcin E492 is compatible with an opening of a permeability transition pore. However, this hypothesis should be tested by studying the subcellular localization of this bacteriocin and determining whether, as in the case of PorB, microcin E492 is able to produce the same effect in purified mitochondria.
High Doses of Microcin E492 Induce Necrosis and Apoptosis. Many cytotoxic agents that induce apoptosis at low concentrations when used at higher doses produce necrosis (27, 35, 36) . Fig. 1C shows mainly the induction of cell death without DNA fragmentation after treatment with 1,024 AU͞ml microcin E492, suggesting that high doses of microcin E492 could induce cell death by necrosis. To assess the necrosis͞apoptosis ratio depending on the microcin dose used, phosphatidylserine exposure at the cell surface was measured. This change occurs in early stages of apoptosis and can be recognized by binding of annexin V labeled with FITC. In early stages of apoptosis cells are not permeable to PI, and counterstaining with this fluorescent probe distinguishes the necrotic cells. HeLa cells treated with 390 and 512 AU͞ml microcin E492 for 12 h showed 19% and 32% of apoptosis, respectively (Fig. 3A) , with 5% and 9% of necrotic cells, respectively. Incubation with higher doses of microcin E492 (1,024 AU͞ml; Ϸ20 g͞ml) increased the necrotic population to 32%, in contrast with the 25% of apoptosis (Fig. 3A) . The apparent discrepancy in cell viability observed by using the PI cytotoxic assay (Fig. 1) and annexin V may be caused by the fact that the measurements of the latter were performed only after 12 h of incubation, a stage in apoptosis in which the cells are not permeable to PI, whereas the PI cytotoxic assay was performed after 24 h of incubation with microcin E492. These results were further confirmed by measuring a cell necrosis marker, the release of LDH to the culture medium. As expected, 390 and 512 AU͞ml microcin E492 induced a lower leakage of LDH when compared with HeLa cells treated with a high dose of microcin E492 (Fig. 3B) .
Dose dependence associated with the induction of apoptosis or necrosis by bacterial toxins has been also described for ␣-toxin (35) . T lymphocytes exposed to this toxin presented DNA degradation, typical of apoptosis, after incubation with low concentrations of this toxin (Ͻ200 nM). At higher doses, cells underwent necrosis, characterized by lysis without DNA degradation. (Fig. 4A) , and this effect was dose-dependent (see Fig. 4A Inset) . A microcin preparation obtained from the supernatant of the nonproducing mutant strain E. coli VCS257np108 had no significant effect on the intracellular Ca 2ϩ concentration (Fig. 4B) , confirming that the increase on intracellular Ca 2ϩ was caused by the presence of microcin E492. Treatment of AMG-3 cells (insensitive to the cytotoxic effect of microcin E492) with microcin did not have any effect on cytosolic Ca 2ϩ levels (Fig. 4C) , which supports the idea that the cytotoxic effect is related to changes in intracellular Ca was chelated by the addition of 5 mM EGTA, the increase of the intracellular Ca 2ϩ level was to the same extent as that observed without the chelating agent (Fig. 4D) . This observation suggests that microcin E492 triggers the release of Ca 2ϩ from intracellular stores and discards the possibility that Ca 2ϩ may enter through a Ca 2ϩ channel, such as the case described for PorB (12) . On the other hand, aerolysin promotes both Ca 2ϩ influx across the plasma membrane and release of Ca -overloaded mitochondria, resulting in abnormal mitochondrial metabolism, which activates apoptosis (39) .
HeLa cells treated with very high doses of microcin E492 (2,048 AU͞ml; Ϸ40 g͞ml) showed an increase in cell volume and membrane blebbing with a significant increase of Ca 2ϩ levels (up to 4.5-fold), which preceded cell lysis by necrosis (Fig. 4E) .
Infection of HeLa Cells with a Microcin E492-Producing Strain Induces
Cell Death. The potential cytotoxic effect of microcin E492-producing strains on in vitro infections of HeLa cells was investigated. Infection with E. coli VCS257pJEM15 for 48 h at a multiplicity of infection of 1 or 10 resulted in an induction of apoptosis (31%) or necrosis (52%), respectively. To analyze the possible participation of the bacterial strain per se in the cytotoxic process, the nonproducing microcin E492 bacterial strain E. coli VCS257 transformed with pHC79, the vector in which the genetic determinants needed for microcin E492 production are cloned (21) , was used to infect HeLa cells at both multiplicities of infection. No effect on cell viability with respect to the untreated cells was observed (Ն90% of survival in all cases). These results strongly suggest that the cause of the cytotoxic effect of these bacterial strains is microcin E492 production. The amount of microcin produced by the bacterial cells during the infections is at least 100-fold less than the concentration required to induce apoptosis by using the purified protein. Probably, the purification process alters the efficacy of microcin E492 to induce apoptosis.
Conclusions
Microcin E492 is a bacteriocin that has the capacity to induce apoptosis in human cell lines. Microcin E492 is currently described as a bacteriocin for its well-characterized bactericidal activity over different strains of Enterobacteriaceae (20) . The proposed mechanism of action is through the formation of ion channels in the bacterial membrane (18) . Although microcin E492 has a cytotoxic effect on several human cell lines, for the time being it may be not appropriate to define this bacteriocin as a classical bacterial toxin. Essentially, a toxin is defined by the toxic effect that it causes on an animal host. This raises the question of specificity of recognition of some cellular types that somehow may be related to the wide host range observed in bacteria. The low molecular weight of microcin E492 makes this bacteriocin very attractive for structural studies to understanding the toxin-receptor interactions and dynamics of insertion into the membrane. Probably, in both mechanisms, oligomerization and conformational changes play a pivotal role. In addition, the study of the mechanism by which microcin E492 induces apoptosis may provide insights to understanding this complex phenomena.
